Background/Aims: The mammalian skull vault is a highly regulated structure and consists of several membrane bones of different tissue origins (e.g. neural crest derived frontal bone and mesoderm derived parietal bone). Although membrane bones form through intramembranous ossification, neural crest derived frontal bone has superior osteoblast activity and bone regeneration ability, triggering a novel conception for craniofacial reconstruction and bone regeneration called endogenous calvarial regeneration. However, a comprehensive landscape of the genes and signaling pathways involved in this process is not clear. Methods: Transcriptome analysis within the two bone elements is firstly performed to determine the physiological signatures of differential gene expressions in mouse skull vault. Results: Frontal bone tissues and parietal bone tissues maintain tissue origin through special gene expression similar to neural crest vs mesoderm tissue, and physiological functions between these two tissues are also found in differences related to proliferation, differentiation and extracellular matrix production and clustered signaling pathways. Conclusion: Our data provide novel insights into the potential gene regulatory network in regulating the development of neural crest-derived frontal bone and mesoderm-derived parietal bone.
Physiological Signatures of Dual Embryonic Origins in Mouse Skull Vault
Bo
Introduction
The mammalian skull vault is a highly regulated and exquisitely patterned structure. It consists of several membrane bones of different tissue origin, namely a pair of frontal bones and parietal bones and unpaired inter-parietal bone. Frontal bones are cranial neural crest (CNC) derived tissue, and parietal bones are of paraxial mesoderm origin [1, 2] . Both frontal bone and parietal bone utilize the same mechanism for bone formation. Interestedly, the osteoblast activities from these two tissue origins show different characteristics: neural Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry crest-derived osteoblasts are showing to be less differentiated, faster growing, with fast bone nodule formation compared to parietal bone-derived osteoblasts [3] . In addition, FGF ligands and receptors highly expressed in frontal bone [4] , suggesting their roles in mediating biological differences within the two types of bones [4] . Canonical Wnt signaling also contributes to the superior osteogenic potential and tissue regeneration in neural crestderived frontal bone [5] . Enhanced activation of Wnt signaling is capable to transform the physiological behavior of parietal bone into a degree similar to neural crest derived frontal bone [6] . Besides, frontal bone tissues show low apoptosis when stimulated by TGF signaling [7] . Due to superior activities of osteoblasts and bone regeneration within frontal bone, a novel thought for craniofacial construction--endogenous calvarial regeneration has been proposed. However, except the findings from TGF, Wnt and FGF signaling pathway, the cellular and genetic differences to regulate neural crest derived frontal bone and mesoderm derived parietal bone remain largely unknown. In order to understand the physiological signatures or differences of embryonic tissue origins in skull vault, transcriptome sequencing from the two bone elements were performed. Our data provide novel insights into the potential gene regulatory network that may guide the genetic and molecular differences within the two bone tissues, which provide a basis to identify molecular target that can switch endogenous regeneration to heal the damaged bone.
Materials and Methods

Animals
All the animal experiments were performed in compliance with Jiaxing University Animal Care and Use Committee guidelines. C57BL/6 female mice (Mus musculus) were ordered from Hangzhou Normal University Animal Use Center. Animals were housed in light-and temperature-controlled rooms and were given food and water ad libitum.
Tissue Harvest
Three pregnant mice at embryonic stage of E17.5 were used to harvest frontal bones (Fb) and parietal bones (Pb) based on published methods [8] . Each tissue was collected from 6 independent littermates. The tissues were immediately placed in dry ice and labeled for total RNA extraction. Bone tissues were mechanically homogenized in 1 ml Trizol reagent. RNA extraction were performed using Trizol and the procedures were performed based on the kit guidelines. The qualities of total RNA were measured using Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit (Agilent, CA, USA), and samples with only O.D. 260/280 > 1.8, and O.D. 260/230> 1.5 and RNA integrity number greater than 8 were used for the transcriptome analysis.
cDNA library generation and sequencing Total 10 ug RNA was used to isolate and purify the Poly (A) mRNA with poly-T oligo attached magnetic beads (Invitrogen). Following purification, the mRNAs were fragmented into small pieces using divalent cations under elevated temperature. The cleaved RNA fragments were reverse-transcribed to generate initial cDNA library, which was further purified and prepared for the sequenced cDNA library according to the protocol for the mRNA-Seq Sample Preparation Kit (Illumina, San Diego, USA). The average insert size for the paired-end libraries was about 300 bp (±50 bp). The paired-end sequencing was performed using an Illumina Hiseq2000/2500.
Alignments and annotations
RNA-seq yielded about 8.18-8.76 gigabases (Gb) of sequenced reads in different treated samples. Prior to assembly, reads with low quality were removed and the qualities of reads were further checked using Fast-QC v0.11.4. The qualities of sequenced reads in six samples were shown (for all online suppl. material, see www.karger.com/doi/10.1159/000484496) in Suppl. 
Identification of differentially expressed genes (DEGs)
The aligned read files were analyzed by Cufflinks [9, 10] , which used the normalized RNA-seq fragment counts to measure the relative abundances of the transcripts. The unit of measurement was called Fragment Per Kilobase of exon per Million fragments mapped (FPKM). The reference GTF annotation file used in Cufflinks was from the UCSC database. Cufflink was used to de novo assemble the transcriptome first. Next, Cuff-merge was used to co-merge all transcripts of sample to generate unique transcripts. The downloaded UCSC GTF file was passed to Cuffdiff along with the original alignment (SAM) files produced by Tophat. Cuffdiff re-estimated the abundance of the transcripts listed in the GTF file using alignments from the SAM file and concurrently tested for different expression. Only the comparisons with "q value" less than 0.01 and status marked as "OK" in the Cuffdiff output were regarded as showing differential expression.
GO and gene functional analysis of DEGs
Online Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resources 6.8 was used to gain insight into the biological functions of DEGs, and the enriched Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were both used to analyze DEGs in examined tissues in the background terms and an adjusted P-value < 0.05 was considered significantly overrepresented.
Real-time quantitative RT-PCR (qRT-PCR) experiment
To confirm sequencing results, qRT-PCR was performed to detect the randomly selected DEGs using the same RNA samples for RNA-Seq. Primers were designed via Primer Express 3.0.1 software (Applied Biosystems) and are shown (see online suppl. material) in Suppl. Table S3 (Fb vs Pb). Briefly, 1µg of total RNA was reverse-transcribed to cDNA using the SuperScript First Strand cDNA conversion kit (Invitrogen, Carlsbad, CA). qRT-PCR was subsequently carried out in duplicate 25 µl reactions using SYBR green master mix (Clontech, cat. No. 638320, TAKARA) [11] . Reactions were run in a 96-well plate using StepOnePlus system (Applied Biosystems). The cycle conditions were as follows: 1 cycle of pre-incubation at 95°C for 10 min, 40 cycles of amplification (95°C for 30s, 63°C for 15s, and 72°C for 20s). Relative gene expressions of DEGs were calculated using 2 -ΔΔCt method, and housekeeping gene GAPDH was used as internal control.
Results
Identification of differentially expressed genes (DEGs) in frontal and parietal bone tissue
RNA-Seq produced a total of about 335.66 million raw 100-bp paired-end reads in frontal and parietal bone tissues (Fig. 1A ). After quality filtering, about 325.59 million of pair-end clean reads with an average of about 36.18 million for each sample were obtained. Alignment of the sequenced clean reads against the Mus musculus generated about 80.26-85.65% of uniquely aligned reads by Tophat2 aligner, and about 96.55-98.70% reads were aligned in a unique manner, while about 1.3-3.4% reads were from multiple-mapped reads.
Cufflinks was used to identify the DEGs between frontal bone vs parietal bone. Total 325 DEGs were found in the frontal bone vs parietal bone based on the Fold_Change which was detected by Cuffdiff (|FC| > 1, p < 0.05, FDR q < 0.05). Volcano plots of DEGs between the two tissue compartments, i.e., Fb vs Pb (Fig. 1B) showed distinct transcriptional profiles. Among the 325 genes, total 118 genes were significantly up-regulated and the left 207 genes were down-regulated (Fig. 1C) . Besides, among the 70 high DEGs (|FC| > 2, p < 0.05, FDR q < 0.05), total 29 genes were found up-regulated in frontal bone vs parietal bone, the left 41 genes were down-regulated in frontal bone tissue vs parietal bone tissues. The top 10 highly expressed genes in frontal bone and parietal bone were listed in Table 1 . The details (Gene ID, Gene name, Fold_Change, p_value, q_value) of all DEGs are shown (see online suppl. material) in Suppl. [12] , but Pb tissue expressed high levels of genes associated with anti-proliferative properties, such as AATK and SGOL1, which are both apoptosisrelated proteins [13] . 3) Pb tissue exhibited higher level of osteoblast d i f f e r e n t i a t i o n by up-regulating genes expressions of Msx2, Twist2, two key transcriptional factor for osteoblast differentiation [14] , as well as Ntn1, which plays vital role in osteoblast and osteoclast differentiation [15] . However, Fb tissues [16] . Therefore, osteoblast differentiation program may be regulated differently in frontal bone and parietal bone. 4) Fb tissue displayed higher levels of genes associated with osteoclast activities compared to that in Pb tissues. 5) Both the tissues expressed some genes to maintain bone metabolism and homeostasis but probably through different "roadmap", such as Fb produced higher levels of G proteins, Lcn2 and Mmm1, while Pb generated higher expressions of zinc finger proteins and Dlk1, PGD2, RYR1 and Hfe2.
Validating RNA-Seq data with qRT-PCR
To verify the accuracy of fold change detected by RNA-Seq, qRT-PCR analysis was performed for 12 randomly selected DEGs (Sox10, TFAP2, FGFR4, Col2a1, Col9a1, Twist1, Msx2, Foxp2, Nf2, Ostn, Rgs6, S100a8). The comparisons of expression levels of these 12 genes were (fpmk+1) of genes in parietal bone, and X-axis exhibited the value of log10 (fpmk+1) of genes in frontal bone. The red dots and green dots represent up-and down-regulated genes between the two groups (p<0.05, FDR q < 0.05), respectively, and the yellow dots showed the transcripts with no significant differences (p > 0.05, FDR q > 0.05). performed between the data from qRT-PCR normalized to GAPDH and those from RNA-seq ( Fig. 2A) . The comparative results of the fold changes showed that the levels of these DEGs between Fb vs Pb tissues were similar and a strong positive correlation with R 2 =0.8217 in Fb vs Pb was produced (Fig. 2B) based on RNA-Seq and qRT-PCR results, suggesting a high reliability of RNA-Seq data in this study.
Gene Ontology enrichment and KEGG pathway analysis
To investigate the functional associations of the DEGs, gene ontology (GO) analysis at the GO database was used for the analysis. We kept each category with an unadjusted threshold 
at p < 0.05 and at least five DEGs in the background terms were assessed. Multiple pathways and GO terms including biological processes, cellular components and molecular function were significantly enriched for these DEGs. The top 10 details of the significant pathways in the two comparisons were shown in Fig. 3 (Fig. 3 ) and the detailed analysis was shown (see online suppl. material) in Suppl. Table S5 . DEGs based on KEGG analysis showed that several molecular pathways were involved in frontal bone and parietal bone tissues. In additional to the reported expressions of BMP, FGF, WNT signaling in frontal bone and parietal bone, we found that these differential expressions genes are also clustered into Hippo, MAPK, Notch, NF-kB, PI3K-Akt signaling, which will expand the discoveries of these identified signaling upon the regulation within these two bone elements (Fig. 4) . The detailed analysis of the pathways can be found (see online suppl. material) in Suppl. Table S6 . Based on the differential genes expressions, we proposed the potential regulatory gene network that works on the regulation of frontal bone and parietal bone (Fig. 5) . During the neural crest patterning, TFAP2 and Sox10 are highly expressed to maintain the tissue origin of neural crest in frontal bone, while parietal bone highly expressed Foxp2 and Baalc which are regarded as the mesoderm marker to maintain the tissue origin. Under the regulation of the signaling pathways, the frontal bone and parietal bone produced distinct features such as higher levels of genes related to proliferation and bone metabolism and homeostasis in frontal bone, while parietal bone exhibited higher levels of genes associated with matrix, anti-proliferative properties, osteoblast differentiation, suggesting the unrecognized differences between frontal bone and parietal bone.
Discussion
Frontal bone is derived from neural crest cells driven by Wnt1-Cre, while parietal bones are from mesoderm using Mesp1-Cre [1, 2] based on genetic mouse model. Neural crest specifiers, such as Pax3/7, Snail1/2, Sox9/10, Ap2, play essential role for neural crest patterning [17] . We found that neural crest derived frontal bone tissue exhibits higher levels of TFAP2b and Sox10. TFAP2b is essential for craniofacial development [18] . Sox10 is considered to be one of the earliest neural crest-patterning genes [19, 20] . In humans, TFAP2 is found highly expressed neural crest derived frontal compartment [21] , and in chicken, Sox10 is the earliest neural crest-specifying gene [19] , suggesting different neural Cellular Physiology and Biochemistry
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crest specifiers may function in species-dependent manner. Parietal bone shows higher expressions of Foxp2 and Baalc. Baalc is regarded as a mesoderm marker [22] . Both Foxf2 and Foxp2 are found highly expressed in mesoderm-derived tissues such as lung [21] . But only Foxf2 is found highly expressed in parietal compartments in human [21] . In short, tissue-specific genes contribute to the tissue origins within skull vault in mouse.
Higher expressions of TFAP2, Lhx6, Nell-1 were found within frontal bone that are associated with cell proliferation. AP2 alpha is required for cell proliferation [23] . AP-2 can determine the mesenchymal fate of cranial neural crest cells [24] . Lhx6 regulates cell proliferation and thereby promotes normal palate development [25] . Nell-1 is a secreted molecule that can induce cranial suture bone growth [26, 27] . However, higher levels of expressions of GRIAL1, SGOL1 and Igfbp6 were found within parietal bone that displayed antiproliferative feature, such as overexpression of GRIAL1 is anti-proliferative [28] , and SGOL1 and Igfbp6 are involved in cell apoptosis [29] [30] [31] . Foxp2 can increase cell differentiation without affecting cell proliferation and cell survival [32] , and transient upregulation of Foxp2 in pre-osteoblast mesenchymal cells regulates a p21-dependent growth arrest checkpoint [33] . Our findings are consistent with the publication that osteoblasts from the neural crestderived frontal bone are less differentiated, grow faster compared to parietal bone-derived osteoblasts [3] . Therefore, tissue-specifically expressed genes influence the physiological states of cells within frontal bone and parietal bone.
Parietal bone exhibits higher levels of extracellular matrix (e.g. Matn1, Matn3, Col9a1, Col9a2, Col2al, Col14a1, Col6a6, Tnn, Ucma, SMOC1, Acan), such as SMOC1 is identified as a putative regulator of osteoblast differentiation [34] . Tenascin is synthesized by osteoblasts [35] , and is able to stimulate osteoblastic differentiation through working with WNT signaling and BMP signaling [36] . Besides, parietal bone expressed higher levels of Msx2, Twist2, which are well-known transcriptional factor for osteoblast differentiation and bone formation [14, 37] . The higher levels of these genes expressions may account for osteoblast differentiation within parietal bone. Besides, some unrecognized signaling pathways may regulate dual tissue origins in skull vault, such as Hippo, MAPK, Notch, NF-kB, PI3K-Akt signaling, as well as the genes related to bone homeostasis, such as LCN2, acting as a bonederived hormone with metabolic regulatory effects [38, 39] is highly expressed in frontal bone. How these genes and signaling pathways converge together to orchestrate bone formation and homeostasis are very interesting.
Taken together, our data shows that differentially expressed genes contributes to the tissue origins and physiological states within the two bones in the mouse skull vault, which expand the novel insights into the potential gene regulatory network in regulating the frontal bone and parietal bone development. Skull vault with dual tissue origins is a valuable model to understand cellular and genetic mechanism about the regional differences, which is beneficial to not only the bone biology but also the regenerative medicine in clinic.
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